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SUMMARY

. Equations have been derived f’orthe change in the
quantiti~s that ddflne the thermodynamic state of air -

. pressure, density, and temperature - at an abrupt
Increase in cross-sectional area of flow of compressible
air. Results calculated from these equations are given
in a table and are plotted as curves showing the
variation of the calculated quantities with the area
expansion ratio In terms of the Initial Mach number
as parameter. Only the subsonio region of flow is
considered.

INTRODUCTION

The well-knom Borda-Carnot expression for change
in pressure when an incompressible fluid passes an
abrupt area expansion has long been used for estimating
the pressure changes in compressible air flow at an
abrupt expansion. ~ismethod Is simple but not exact.

The expressions for pressure, density, and
temperature ratios given herein are for subsonic flow
and are in precise agraement with the exact expression
for the velocity ratio In a compressible flow at an
abrupt area expansion developed in reference 1. Ih
the present report, Mach number, or the ratio of air-
flow velocity to existing sound veloclty,is used as
a mrameter; whereas In reference 1 the parameter was
the ratio of existing air-flow Velocity to the velocity
that the air would possess If accelerated Isentropically
until its velocity was equal to the then existing local -
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sound velocity, This difference in parameters must be
considered when equations from the two papers are
cmupared.

By use of the same three fundamental equations
used herein, a somewhat similar equation showing
pressure and density changes across a shock loss in a
pipe of unifomn cross section was developed-by Eugoniot
and Is given in reference 2.

The expressions obtained herein for pressure,
density, and temperature changes in a compressible
flow at an abrupt expansion are too involved to be of
praotioal use. The present mmputatloris have theref&e
been made and are presented in tabular and graphloal
form.

A cross-sectional

SYMBOLS

area of flow, square feet

a velocity of

f area ratio

M Mach number

sound, feet per second

(A1/A2 )

(v/a )

P statlo pressure, pounds per square foot

v velocity Or flow, feet per second

Y ratio of specific heat at oonstant pressure to
specific heat at constant volume, dimensionless

R universal. gas constant, Btu per slug per oF

T absolute temperature, 46o + ‘F.

P density of air, slug per cubic foot

Subscripts:

1 before abrupt expansion

2 after abrupt expansion
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ANALYSIS
a.

..
F7xm the fundamental ‘equationsfor the -conservation

of energy, of continuity, and for the conservation of
momentum, equatlons are dbtalned that give the variation
of the Pressure, density, and temperature ratios with
the area expansion ratio f in terms of the Initial
Maoh numbdr as parameter.

Figure 1 shows the conditions of flow assumed for
the present calculations. The static pressure at a
(fig. 1) is taken to be the same as at b for subsonic
flow, as has been proved experimentally by Nusselt
(reference 3). ~iform velocity distribution before
and after the expansion is assumed. The ratio of
specific heats y is taken as l.~OJ.

The fundamental equations are the equation for
the conservation of energy

Vf
Y Iq x+ Y ~

Tz-+y.1~=2 y.lp2

the equation of continuity,

PIAIV1 = p2A2V2

and the equation for the conservation of momentum

p2A2V22- plA1V12 = -A2(P2 - p~)

From equation (1)

or

Y -1.2 2
—VI 2Y

0

-12 V12+YP4
2

+ al = ~—
V1

P2

Y -1 Y

0

-12
yM12 + 1 = Q I@

= V1
+ P2 %.—
P1 P2

(1)

(2)

(3)

(4)
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Frcnnequation (3 )

Pa

(

—=l+ymlal
P1

=

(

1 + yfM12 1 )fh f

-~

PI
—f
P2

(5)

(6)

p1222Y+l

()
— f ?11 — -3(+ y,.,,)+ i%’ -;!12 + 2 = , (,,
P2, - 2

WIhenequation (~) is solved for P#P2 and the resulting
equation Is inverted,

P2
f=%12(Y + 1)

~= , (8)
1 + yfl;lz - 2yfK12(l - f) + 1 - 2f2M,2 + f2N14

Ih order to cbtati an expression for t!:epress-me
ratio, equation (8) is substituted in equation (5) md
the following equation results:

Pa
—= (9)
P1 y+l
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By differentiating p2/pl w%th respeot to f, it mm
be shown that the maxim~ static-p~ssure recovery for
any value of Ml la obtained”when

‘-- ‘,’== ””-”--(,,,
a(Y + i) - MZ2

The 100us of maxtium.pnss’ure ratio 1s shown in figure 2.

In equations (8), (~], and (10), the sign of the
radical has been dhqs~n so that the results obtained
are in the region ~Qre the aasumptlons are valid.

The temperature ratiq 1s obtained by use of tbe
general gas law and the computed values of pressure and
density ratto as

P2
— = ~~2
P2

T2
_=*
Tl

(11)
P2/Pl

Figures 3 and 4 show the variatton of density ratio and
temperature ratio with area expansion ratio.

In order to make the results shown in f’lgures2
to h usable In cases for whioh onlv the conditions after
the”expanston are -own, the value”of M2
of Ml and f is given In figure 5. If
and f are known, Ml can be determined
figure. !l?herelation plotted in figure 5
as follows:

.
.

in terms ..
M2
from this
1s developed

—-— —
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Q22
.

~ YP’/P2 ,

Vf
—.
y??ltP~

()

X722P1 Pa
=— ——

% P2 PI

By use of equation (6),

or

RESULTS AND DISCUSSION

The calculated values of pressure ratio, derisity
ratio, and temperature ratlo are

l!?
ven in table I.

The values have been computed to decimal plaoes
because of the form of the equations,In which small
differences in large quantities are Involved. B the
region where M and f were both small, that is,
0.1 or 0.2, it was necessary to carry some of th
calculations to 12 decimal places In order to obtain
smooth curves for the quantities oaloulated.

.
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As in the case of’incompresalble flow, the mlou-
lated changes occur gradually after the abrupt Increase
in cross-sectional area of flow, and the calculated
and measured results are in best agreement at a distance
the order of 6 to 10 diameters of’the large cross
section downstream from the abrupt area increase.

The comparison of pressure ratios for compressible
and Incompressible flow Is shown in figure 2, In which a
long-dash line gives the p?essure ratio calculated on
the basis of incompressible flow for the same Initial”
conditions that are assumed for compressible flow at
an initial Ma*” number of unity, It Is evident that
the effect of compressibility is mlshin@y - small
for values of the area ratio of expansion below about 0.25,
The short-dash line in figure 2 shows the pressure ratio
to be obtained with isentropic expansion and an initial
Mach nwnber of unity.

The experimental points from reference 3 shown tn
figure 2 were obtained from the only experiments known
to the author in which pressure ratio has been measured
at an abrupt exmnslon with compressible gas flow at
high Maoh number. These data were obtained for an
area expansia ratio of 0.246, however, for which the
difference between compressible and incompressible flow
is insignificant. These experimental results agree
well with the calculated results but are by no means
conclusive. Agreement of experimental with calculated
values at an area expansion ratio of 0.7 or 0.8 would
be conclusive evidence of the difference in pressure
ratio obtained with compressible flow from that
calculated by the Borda-Carnot formula for incompressible
flow.

An experimental investigation of the changes in
pressure, density, and temperature at an abrupt Increase
in cross-sectional area with compressible flow would
serve to detemnine corrections for the effect of
nonuniform velocity distribution and friction on the
idealized results obtained from the present calculations.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics

Langley Field, Va.
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TABLE I.- PRESSURE RATIO, DENSITY RATIO, A!iDABSOLUTE-TEMPERATURERATIO FOR VARIOUS VALUES

OF INITIAL MACH NUMBER AND AREA EXPANSIONRATIO

o
I

0.1 0.2 0.3 0.11 0.5 0.6 0.7 0.8
1 0.9 1.0

I

.9
1.0

0

.9
1.0

0

:;

1:?

1
;

2
1.ooi2 39 ;.oo2a81 ;.0025190 :.00337575;.00 51948;.00338250t.00296 3 /.00226171~.00127~58

1 z z
:

1.0050536 1.005063 1.01121L321.0134770 1.01 161521.01365613l.olzcjl7 1.0092141 1.00522267
1 i1.0113721 1.0202561 1.026665911.030446 1.032144 1.0311965 1.0276199 1.021380
1 1.0202058 1.0360101+81.0475507 1.
1

e M& y

;oi99,..:94325 ,.W66* ,.%J!; ;:::g.@J M&&# ~
~ %1.014961 I.o 62)+6221.0745975 1.0 544011.092066231.09c9 29 1.

1 5325 1.011357 1.107031 1.1255163 1.1351 33 1.1349
1 ?ij 1~ ~2 1.1102 05 1.14723 8 1.173 305 1.1879207 1.1901 1 H796696 1:1.4
1

;
9750 1.1 38923 1.224329 1.251179501.2571 6 1..2k7279

1 t
it k t 1 fi~i { ? 1:4%1% ~:z;$$;i :

1.101(103 1:; 3062561.2 682673i.29 47 5 1 25639001. 39 264 1. 328 501 1“29 7517 1*222 512
1 1.125517751.226240521.506579591.36 01 7 1. 11975831. 36089121. 374 166 1.4d30987 1.3303691~

ji
.9979790
.9 19650
.9 210121
.96861682
.95181440

“9320’332
%~j~;l

.831600a3——

11 11 (

1.000302581.
1.001208301.
1.oo26Q8& 1.
1.o@7ti61 1.

i1.0073139 1.
1.0106 7 1.
1.013q
1.017692; h
1.021876921.
1.026306291.

P/P~

1
1.00167088;.00199105;.0020801+;.0019&83 ;.00152701:.00088642
1.006679011.008000801.008580~ ,.oo7i7 ,.oyl,: 103635:1.015116401.0180428 1.01 0652 1.0176 26 1.0 3913 1:0 506 8
1.0273396 1.0327162 1.03 0503 1.0326 80 1.02635 3 1.0160181

8 2 h1.0415974 1.0500698 1. k~573 1.0526 09 1. 3835-01.027@o 2

1 $j97°5721“0733435710~~1923 1.0787k~~51.%~23726 ,.Y9+7
1: 0907551.1OU 915 1.111973501.11192 9 1.091+63631.0 61 762
1.105035501.13294@ 1.4952359 1.15238 6 1.1394146 1.1OOO332

z $302399 ,.26$5$, 125728i~ I 2,82825
1.1318728 1.1689734 1.1 3246361.20 9 0 1.191939 1.491 560

J1.1611616 1.20902157”1. . .

T2/Tl

--i
1
1

:
1

:
1
1
1

. 1, , . I. I. I. 1. I . I . I .

;.00202500
1.00810000
1.01822500

k
1.0320000
1.0502500
1>07290000
1.09922500
1.12960000
1.16402500
1.20250000

p;g$g
1:03207618
1.05001912

Map
1.1281853
1.16220066
1.20019830

L

1.00194500
1.00777701
1.01749995

t
1.o 111627
;.:7;57;)5

‘!31:09 3 0
ii1.12 59 10

1.1573488
J1.1940951

~.oo18431
1.00 3593

1$1.01 61

Hy!&$
6150

;:09115250

;;;~g;;

W%J%
1.0152978

J?1.0268134
1.
2
315929

k
1.02513 9
1.0856363
1.11261881

::$W%

L

1,0015259 ;.00129936
i1.0061112 1.00523204

1.01382982leoll0735
1.oao228 1.02d

+

901
1.039165451.03
1.05 095211.050 7?;

11.o7 768411.07035592
1.1043597 1.09@.9215

i ~1.1340195 1.1225529
1.167866531.1553190

L

1.00103690
1.00419159
1.00960513
1.o1’51031

i1.0223763

R!E33

%2?
L.108 17
1.14004
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Figure l.- Flow conditions assumed for calculations.
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Figure 2.- ,~arl ation of pressure ratla with area ratio and initial Mach
number at an abrupt expansion of compressible air flow. (Experimental
points from reference 3.)
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Figure3.-Variation of density ratio with area ratio and initial Mach number
at an abrupt expansion of compressible air flow.
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Figure 5.-Initial Mach number in terms of area ratio and final Mach number at .

an abrupt expansion of compressible air flow.
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